Introduction
In the last few decades, microwave irradiation has been recognized for its unique properties in transmitting energy as a heating source and passage of signals, however, there has been some controversy surrounding the safety of microwave exposure. Much of the recent investigation on microwaves as a heating source focuses on the existence of "microwave-specic effects", 1,2 that is, possible aspects of microwaves that are not associated with heating. We have explored several of these microwave-specic effects by studying the behaviours of biological systems exposed to microwaves while the temperature was carefully controlled through simultaneous cooling. Using this approach, we demonstrated that low power microwaves can affect enzyme activities. Trypsin, but not a-amylase or phosphatase, activity was signicantly increased by exposure to 10 W microwaves at constant temperature. 3, 4 Low power microwaves also appear to slightly perturb membrane properties in PC-3 prostate cancer cells, without causing apoptosis or necrosis.
5
Escherichia coli growth is also affected by exposure to non-lethal microwaves, though the effect is transient (unpublished results). Taken together, our ndings suggest that exposure of cells to low power microwave irradiation at constant temperatures causes subtle perturbations to cells without toxicity.
Based on our work with PC-3 human prostate cancer cells, 5 we hypothesized that exposure of cells to non-lethal microwave irradiation at constant temperature transiently disrupts cell membrane permeability and/or stimulates endocytosis, promoting uptake of extracellular molecules. This scenario resembles electroporation, but with tissue penetration depth (2-4 cm) 6 that is quite relevant for targeting tumors. It may therefore be possible to use microwave (or radiofrequency) to promote internalization of therapeutic agents into cells. In the present communication, we report signicantly increased cellular uptake of the anticancer drug doxorubicin by MCF-7 human breast and PC-3 human prostate cancer cells, associated with reductions in cell viability.
Results and discussions
MCF-7 breast cancer cells were cultured in a CEM Coolmate microwave reactor at 37 C in the presence or absence of 26 mM doxorubicin. Temperature was monitored with a bre optic temperature probe and constant temperature was maintained through simultaneous cooling (see Fig. S1 † for representative temperature and microwave power proles for cultures in the microwave reactor). As demonstrated previously, [3] [4] [5] we were able to maintain the temperature of the culture within AE1-2 C of setpoint values. Two experiments were carried out at 37 C in the presence of doxorubicin, one where MCF-7 cells were grown without microwave, while in the other MCF-7 cells were exposed to 10 W microwave. Aer 5, 10 and 20 minutes of exposure, the cultures were pelleted by centrifugation, washed and subsequently analyzed by ow cytometry to compare the level of doxorubicin internalization based on its inherent uorescent property. As Fig. 1a shows, the uptake of doxorubicin was signicantly increased by exposure to microwave in a time-dependent manner. The uptake of doxorubicin by MCF-7 cells treated with microwave for 20 minutes was 108% higher than that of control cells. Fig. 1c and d show uorescence microscopy images of MCF-7 cells treated with doxorubicin alone and doxorubicin in the presence of microwave irradiation, respectively. Doxorubicin was clearly localized in the nucleus, consistent with literature observations.
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In order to demonstrate the toxicity of internalized doxorubicin, MTT ((3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)) assays were conducted. 8 In this experiment, MCF-7 cell cultures were incubated under four conditions, (1) in the absence of doxorubicin, (2) in the presence of 26 mM doxorubicin, and (3) in the presence of 26 mM doxorubicin and exposed to 10 W microwave, and (4) exposed to 10 W microwave in the absence of doxorubicin. Aer 20 minutes, microwave exposure was discontinued, and all four cultures were incubated for 24 h, followed by standard MTT assay quantication. Fig. 1b showed no effect of exposure to microwave for 20 minutes alone, while the MTT signal was reduced by 55 and 63% in cultures (2) and (3), respectively. This result indicates that doxorubicin killed and/or inhibited growth of MCF-7 cells and that this effect was magnied when microwave is administered together with doxorubicin.
Similar results were obtained when PC-3 human prostate cancer cells were treated with doxorubicin while exposed to microwave irradiation (Fig. 2a) . Under the same conditions as described above for MCF-7 cells, uptake of doxorubicin by PC-3 cells was increased by 73% in the presence of microwave for 20 minutes. Cell viability/growth as indicated by MTT signal was reduced by 25 and 40% for PC-3 cells treated with doxorubicin alone and doxorubicin in the presence of microwave, respectively (Fig. 2b) . Again, treatment of PC-3 cells with microwave alone did not lead to signicant reduction in cell viability as indicated by the MTT assay.
Doxorubicin is believed to enter cells by passive diffusion, 9, 10 however, there is some evidence that doxorubicin can be internalized via endocytosis, especially when it forms a complex or conjugate with another substance. [11] [12] [13] To determine whether endocytosis is involved in the microwave-promoted uptake, inhibitors of this pathway were included during experiments. Thus, Pitstop2 14 and Dynasore 15 which are known inhibitors of clathrin-independent and clathrin-dependent endocytosis, were added to cell cultures 30 minutes prior to treatment with doxorubicin. Doxorubicin uptake was subsequently measured by ow cytometry. As can be seen in Fig. 3 , no effect of Pitstop2 or Dynasore on the uptake of doxorubicin in the absence of microwave was observed, indicating that endocytosis does not contribute to doxorubicin uptake under our cell culture conditions. Similarly, when MCF-7 cells were pre-treated with Pitstop2 and Dynasore for 30 minutes, followed by doxorubicin in the presence of microwave there was no decrease in doxorubicin uptake (Fig. 3) . As a positive control, MCF-7 cells were treated with Pitstop2 and Dynasore under the same conditions, followed by addition of a human transferrin-dye conjugate (CF® Dye Conjugate). Aer incubation for 20 min uptake of CF® Dye Conjugate was quantied by ow cytometry. A 25% decrease in the median uorescence intensity was seen in the cells pretreated with endocytosis inhibitors. While this level of inhibition is not as drastic as shown in the literature for other cell lines, 14,15 the inhibitory properties of Pitstop2 and Dynasore are obvious. These results suggest that the enhanced uptake of doxorubicin facilitated by microwave is unlikely via endocytosis.
To further rule out the involvement of endocytosis in the microwave-assisted internalization of doxorubicin, we measured uptake of a uorescently labeled oligodeoxyribonucleotide (FAM-5 0 -TTG GTG GAT AGT TAT TAG-3 0 , FAM: uorescein) by MCF-7 cells in the presence and absence of microwave exposure. While the uptake of oligonucleotides by cells is complex, it is believed to involve endocytosis. 16 Results indicate (Fig. 4) that microwave did not increase uptake of the oligonucleotide by MCF-7 cells. While previous work 17 reported that treatment of cultured myoblasts with rather high power microwave (420 W in pulses, as opposed to 10 W used in the present study) led to enhanced delivery of 2 0 -O-methylphosphorothioate antisense oligonucleotides, cells exposed to such a signicant microwave power are likely to experience notable alteration in cellular structures and functions; as such, no comparison can be drawn between the present work and the literature precedence.
Materials and methods

Media
Modied DMEM (Dulbecco's Modied Eagle Medium) contains 10% fetal bovine serum, 2% non-essential amino acids, and 1% penicillin/streptomycin.
MCF-7 and PC-3 cell cultures
MCF-7 human breast cancer cells and PC-3 human prostate cancer cells (the American Type Culture Collection, ATCC) were cultured in modied DMEM in 10 cm cell culture dishes (
Trypsin-EDTA solution (3 ml, 0.25%, Sigma, T4049) was then added and the plate was incubated at 37 C for 3 min in a culture incubator (20% O 2 , 5% CO 2 , 37 C). DMEM (4.0 ml) was then added to the plate and the cell suspension was transferred to a 15 ml Falcon tube and centrifuged at 970 g for 3 min to obtain a cell pellet, which was used for subsequent experiments.
Microwave irradiation set up
A CEM Discovery Coolmate microwave system running at 2.45 GHz was used for the irradiation of MCF-7 and PC-3 cell cultures. The microwave reactor was controlled with Synergy soware (CEM). MCF-7 and PC-3 cultures were incubated in CEM standard reaction vessels (catalogue number 168302), together with the CEM attenuator assembly (catalogue number 542476) that allows for the circulation of coolant around the culture tube to maintain the temperature of cultures. Solvay Solexis H Galden Zt 130 coolant was pre-cooled in the Coolmate coolant reservoir by liquid nitrogen. During experiments, the culture temperature was maintained at 37 AE 2 C by adjusting the temperature of coolant and ow rates and monitored with a bre optic temperature probe in real time. Cultures were mixed by stirring with a stirring bar (1 Â 8 mm), with the stirring setting at low (540 revolution per minute as determined by an Omega HHT13 Tachometer).
Fluorescence microscopy
Fluorescence images of MCF-7 and PC-3 cells were obtained using a Carl Zeiss Axio Observer microscope. The microscope stage temperature was kept at 37 C under 5% CO 2 . For doxorubicin assay, red uorescence of doxorubicin was detected using a 545 AE 12.5 nm excitation and 605 AE 35 nm emission lter set. The intensity of uorescence excitation by an X-Cite 120LED light source and camera exposure times were held constant across experiments.
Flow cytometry
Median uorescence intensity of stained MCF-7 and PC-3 cells were obtained using a BD ACCURI C6 ow cytometer. In doxorubicin assay, red uorescence of doxorubicin was measured in Fl-3 channel (Em 610 AE 10 nm). Number of events recorded was 100 000 for all experiments and FSC-H threshold was set to 80 000.
Doxorubicin assay (MCF-7 and PC-3 cells)
Cell density was measured by a hemocytometer. By dilution, cell density was adjusted to $500 000 cells per ml prior to each experiment. To a 6 ml cell suspension in modied DMEM was added 10 ml of doxorubicin (1 mg ml
À1
) to give a nal concentration of 26 mM. Two aliquots of 3 ml cell suspension were transferred to the reaction vessel in CEM (for microwave treatment) and a reaction vessel in a water bath on hotplate (control treatment).
CEM reaction vessel parameters were adjusted to 37 C, maximum power 10 W, and slow stirring (540 rpm). For control, the temperature of the water bath was pre-set at 37 C and the stirring speed of hotplate was set to 540 rpm. Samples were treated for 20 minutes under each condition. At the end of each treatment, 4 samples of 0.75 ml were taken from each reaction vessel (MW and control) and were transferred to microcentrifuge tubes. The microcentrifuge tubes were spun at 2300 rcf for 3 min to obtain cell pellets. Aer aspirating the supernatant, the cell pellets were resuspended in 1Â PBS (1 ml) and were centrifuged for 3 min at 2300 rcf. The supernatant was discarded, and the cell pellet was resuspended in 0.75 ml 1Â PBS. The samples were analyzed by a ow cytometer (BD Accuri) and the median uorescence of each sample at FL-3 channel was recorded. Fluorescent images were obtained in channels mcherry (Ex: 560 AE 20 nm, Em: 630 AE 37.5 nm) and cy3 (Ex: 545 AE 12.5 nm, Em: 605 AE 35 nm).
MTT assay
Cell density was measured by a hemocytometer. By dilution, cell density was adjusted to $500 000 cells per ml prior to each experiment. To a 6 ml cell suspension in modied DMEM was added 10 ml of doxorubicin at 1 mg ml À1 to reach a nal concentration of 26 mM. Cell suspensions (3 ml) were transferred to the reaction vessel in CEM (for microwave treatment) and a reaction vessel in a water bath on hotplate (control treatment). As a negative control, to a 3 ml cell suspension at similar cell density (500 000 cells per ml) was added 5 ml DMSO which was transferred to a reaction vessel in water bath. CEM reaction vessel parameters were adjusted to 37 C, maximum power 10 W, and slow stirring (540 rpm). For control, the temperature of the water bath was previously set to 37 C and the stirring speed of hotplate was set to 540 rpm. Samples were treated for 20 minutes under each condition. At the end of each treatment, samples of 1 ml from each reaction vessel (MW and control) were transferred to microcentrifuge tubes. The microcentrifuge tubes were spun at 2300 rcf for 3 min to obtain cell pellets. Aer aspirating the supernatant, the cell pellets were resuspended in modied DMEM (1 ml) and were centrifuged for 3 min at 2300 rcf. The supernatant was discarded, and the cell pellet was re-suspended in modied DMEM (1 ml). The cell suspension was then transferred to counting plates (SARSTEDT, TC Dish, ref. 83.3901.002) containing 3 ml modied DMEM. The plates were incubated for 24 hours in an incubator (5% CO 2 , 20% O 2 and 37 C). Aer 24 hour incubation, cells were trypsinized and then re-suspended in 1 ml DMEM buffer. To the cell suspension was added 100 ml of MTT (5 mg ml À1 ) in a 15 ml Falcon tube. Aer incubation at 37 C for 30 minutes, the cell suspension was centrifuged at 4255 rcf for 3 min. The supernatant was discarded, and the cell pellet was dissolved in 0.5 ml DMSO, followed by incubation at 37 C for 10 minutes. Aliquots of 100 ml of the solution were transferred to a 96-well microtiter plate and the absorbance was recorded at 540 nm by a plate reader (Bio-Tek PowerWave Microplate Spectrophotometer).
MTT assay for control to investigate the effect of microwave treatment on cells in the absence of doxorubicin Same MTT assay protocol as described above was followed, except that instead of doxorubicin, 10 ml of lter-sterilized DMSO was used.
Pitstop2 and Dynasore assay
To a 6 ml cell suspension of MCF-7 cells at a density of 500 000 cells per ml was added 20 ml of Pitstop2 (5 mg ml À1 in DMSO) and 12 ml of Dynasore hydrate (5 mg ml À1 in DMSO). As a negative control, a 3 ml cell suspension at a cell density of 500 000 cells per ml was used to which was added 16 ml of lter-sterilized DMSO. The cell suspensions were transferred to a water bath on hotplate and were treated for 30 minutes at 37 C and 540 rpm. To the 6 ml cell suspension was then added 10 ml of doxorubicin (1 mg ml À1 ). Two aliquots of 3 ml cell suspension were transferred to a reaction vessel in CEM (MW) and a reaction vessel on hotplate (control). CEM microwave reaction vessel parameters were adjusted to 37 C, maximum power 10 W, and slow stirring (540 rpm). For control, the temperature of the water bath was pre-set to 37 C and the stirring speed of hotplate was set to 540 rpm. Samples were treated for 20 minutes under each condition. At the end of each treatment, two samples of 1 ml cell suspension were taken from each reaction vessel (MW and control) and were transferred to microcentrifuge tubes and spun at 2300 rcf for 3 min to obtain cell pellets. Aer the supernatant was removed by aspiration, the cell pellets were re-suspended in 1Â PBS (1 ml) and were centrifuged for 3 min at 2300 rcf. The supernatant was discarded, and the cell pellet was re-suspended in 1 ml 1Â PBS. The samples were analyzed by a BD Accuri C6 ow cytometer and the median uorescence of each sample at FL-3 channel was recorded. Fluorescent images were obtained by a Carl Zeiss Axio Observer microscope.
Human transferrin, Pitstop2 and Dynasore hydrate assay
To a 6 ml cell suspension of MCF-7 cells at a density of 500 000 cells per ml was added 20 ml of Pitstop2 (5 mg ml À1 in DMSO) and 12 ml of Dynasore hydrate (5 mg ml À1 in DMSO). As a negative control, a 6 ml cell suspension at a cell density of 500 000 cells per ml was used to which was added 32 ml of lter-sterilized DMSO. Each 6 ml cell suspension was divided to three aliquots of 2 ml in three reaction vessels. The 2 ml cell suspensions were transferred to a water bath on hotplate and were treated for 30 minutes at 37 C and 540 rpm. To each 2 ml cell suspension was then added 25 ml of Transferrin (human) CF® Dye Conjugates (1 mg ml À1 , Biotium, cat. #00081). The reaction vessels were incubated in the water bath for 20 minutes, the temperature of the water bath was kept at 37 C and the stirring speed of hotplate was kept at 540 rpm. At the end of the treatment, one sample of 1 ml cell suspension was taken from each reaction vessel and was transferred to microcentrifuge tubes and spun at 2300 rcf for 3 min to obtain cell pellets. Aer the supernatant was removed by aspiration, the cell pellets were re-suspended in 1Â PBS (1 ml) and were centrifuged for 3 min at 2300 rcf. The supernatant was discarded, and the cell pellet was re-suspended in 1 ml 1Â PBS. The samples were analyzed by a BD Accuri C6 ow cytometer and the median uorescence of each sample at FL-1 channel was recorded. Fluorescent images were obtained by a Carl Zeiss Axio Observer microscope.
Oligonucleotide uptake assay
To a 6 ml cell suspension at 500 000 cells per ml in modied DMEM was added 15 ml of FAM-labelled 18 nt oligodeoxynucleotide (FAM-5 0 -TTG GTG GAT AGT TAT TAG-3 0 , FAM: uorescein. IDT) at 1 mg ml À1 . Two aliquots of 3 ml cell suspension were transferred to the reaction vessel in CEM (for microwave treatment) and a reaction vessel in a water bath on hotplate (control treatment). As a negative control, a 3 ml cell suspension at a cell density of 500 000 cells per ml was used to which was added 7.5 ml of nuclease-free dH 2 O. CEM reaction vessel parameters were adjusted to 37 C, maximum power 10 W, and slow stirring (540 rpm). For control, the temperature of the water bath was pre-set to 37 C and the stirring speed of hotplate was set to 540 rpm. Samples were treated for 20 minutes under each condition. At the end of each treatment, two samples of 1 ml cell suspension were taken from each reaction vessel (MW and control) and were transferred to microcentrifuge tubes and spun at 2300 rcf for 3 min to obtain cell pellets. Aer the supernatant was removed by aspiration, the cell pellets were re-suspended in 1Â PBS (1 ml) and centrifuged for 3 min at 2300 rcf. The supernatant was discarded, and the cell pellet was re-suspended in 1 ml 1Â PBS. The samples were analyzed by a BD Accuri C6 ow cytometer and the median uorescence of each sample in FL-1 channel (Em 533 AE 15 nm) was recorded. Fluorescent images were obtained by a Carl Zeiss Axio Observer microscope at EGFP channel.
Statistical analysis
Non-paired two-tailed t-tests were carried out in Excel. Experiments with P values not greater than 0.05 are considered as statistically signicant.
Conclusions
Taken together, results from both MCF-7 and PC-3 cancer cell culture experiments support the notion that uptake of anticancer drugs such as doxorubicin by cells is promoted by exposure to non-lethal microwave. It is of interest to note that the promotion of doxorubicin internalization by microwave is dependent on the duration of exposure. Also, exposure to microwave alone does not lead to changes in cell viability or growth as evidenced by the MTT assay results. These observations are in agreement with our previous ndings 5 that suggested disturbance of cell membranes by non-lethal microwave. Thus, it is likely that exposure of cells to non-lethal microwave irradiation perturbs cell membranes, allowing for more efficient internalization of doxorubicin, perhaps in the same manner as electroporation. This work strongly supports a novel microwave (radiofrequency)-assisted drug delivery platform to improve the efficacy of chemotherapy, with potential to reduce side effects. As side effects and efficacy are the major challenges in cancer chemotherapy, strategies that can address both are valuable. By targeting tumors directly with microwave radiation to stimulate drug uptake it may be possible to lower the systemic drug dose, thus limiting side effects. No adverse effects associated with low power microwave have ever been identied, and higher power microwave is already used clinically for tissue ablation. Therefore, there seems to be limited risk associated with microwave and thus an opportunity for rapid clinical uptake of this approach. Future work will examine molecular mechanisms of the microwave-promoted uptake. In addition, optimal frequency, power, and duration of microwave will also be proled.
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